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Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IllinoisABSTRACT Sarco(endo)plasmic reticulum Ca2þ-ATPase (SERCA) transports two Ca2þ ions across the membrane of the
sarco(endo)plasmic reticulum against the concentration gradient, harvesting the required energy by hydrolyzing one ATP
molecule during each transport cycle. Although SERCA is one of the best structurally characterized membrane transporters,
it is still largely unknown how the transported Ca2þ ions reach their transmembrane binding sites in SERCA from the cytoplasmic
side. Here, we performed extended all-atommolecular dynamics simulations of SERCA. The calculated electrostatic potential of
the protein reveals a putative mechanism by which cations may be attracted to and bind to the Ca2þ-free state of the transporter.
Additional molecular dynamics simulations performed on a Ca2þ-bound state of SERCA reveal a water-filled pathway that may
be used by the Ca2þ ions to reach their buried binding sites from the cytoplasm. Finally, several residues that are involved in
attracting and guiding the cations toward the possible entry channel are identified. The results point to a single Ca2þ entry
site close to the kinked part of the first transmembrane helix, in a region loaded with negatively charged residues. From this point,
a water pathway outlines a putative Ca2þ translocation pathway toward the transmembrane ion-binding sites.INTRODUCTIONSarco(endo)plasmic reticulumCa2þ-ATPase (SERCA) trans-
ports Ca2þ ions from the cytoplasm to the lumen of the
sarco(endo)plasmic reticulum (SR), e.g., to terminate muscle
contraction (1). SERCA is a primary active transporter that
drives Ca2þ translocation against its concentration gradient
by hydrolyzing one ATPmolecule per two Ca2þ ions translo-
cated in each cycle (2). In addition, two to three protons are
countertransported from the SR lumen to the cytoplasm
during the full functional cycle (3). SERCA belongs to the
family of P-type ATPases, which includes other physiologi-
cally important transporters such as the Naþ/Kþ-ATPase
and the Hþ/Kþ-ATPase (4). As implied by the family name,
the protein becomes phosphorylated by the terminal g-phos-
phate of ATP during the functional cycle (5).
SERCA is one of the best structurally characterized
membrane transporters. The first structure was determined
in 2000 (6) and since then, numerous high-resolution struc-
tures have become available for several different functional
states (7–9), revealing key details about the transport mech-
anism of the protein, as recently reviewed by Møller et al.
(10). The protein is composed of three cytoplasmic domains
and a transmembrane (TM) domain consisting of 10 helices,
here referred to as TM1–10 (Fig. 1 A). Two Ca2þ ions bind
in a cooperative manner (2) to binding sites located in the
middle of the TM domain. These sites are referred to as
the Ca-I site (the deepest site, closer to the luminal side)
and the Ca-II site, respectively. The Ca-I site is composedSubmitted July 28, 2011, and accepted for publication December 5, 2011.
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0006-3495/12/01/0268/10 $2.00of residues from TM5 (Asn-768 and Glu-771), TM6 (Thr-
799 and Asp-800), and TM8 (Glu-908), whereas the Ca-II
site is composed of residues from TM4 (Val-304, Ala-305,
Ile-307, and Glu-309) and TM6 (Asn-796 and Asp-800),
as illustrated in Fig. 1 B. The cytoplasmic domains are
termed the actuator (A), phosphorylation (P), and nucleo-
tide-binding (N) domains. Binding of ATP to the N domain
in the catalytic mode facilitates the bridging of the N and
P domains, and the subsequent phosphorylation of the
latter domain by the g-phosphate (8). The A domain is
believed to be involved in the coupling of the cytoplasmic
phosphorylation and the TM domain dynamics, as the
Ca2þ binding sites are positioned ~50 A˚ from the site of
phosphorylation.
The various crystal structures of SERCA have clearly es-
tablished the involvement of large protein conformational
changes during the transport of the Ca2þ ions. Unfortu-
nately, SERCA (or any other P-type ATPase) has not yet
been crystallized in a cytoplasmic-open conformation that
would reveal the ion translocation pathway that leads to
the two Ca2þ-binding sites within the TM domain. A
luminal-open structure published in 2007 (9) indicates that
Ca2þ ions may leave the binding sites using a pathway
that runs along TM4 and passes the loop between TM5
and TM6. However, none of the solved structures to date
show a clear entry pathway for the ions from the cytoplasm.
Nevertheless, on the basis of structural analyses, mutagen-
esis experiments, and modeling studies, different Ca2þ entry
points have been proposed. Early mutagenesis studies sug-
gested that three aspartate residues in the cytoplasmic
loop between TM6 and TM7 (L6-7) could form an accessdoi: 10.1016/j.bpj.2011.12.009
FIGURE 1 Structure of SERCA in the Ca2þ/ATP bound state (PDB 1T5S
(8)). (A) The N domain is shown in red, the A domain is yellow, the P
domain is blue, TM1-TM2 is magenta, TM3-TM4 is green, TM5-TM6 is
ochre, and TM7-TM10 and the loop regions are gray. ATP, shown in beige
vdW representation, is bridging the N and P domains. Ca2þ ions (cyan) are
bound in the middle of the TM domain, with the coordinating acidic resi-
dues shown in licorice, colored by atom type. Residues suggested to affect
Ca2þ binding are shown in vdW representation, with Glu-55, Gln-56, Glu-
59, and Glu-109 in violet; Glu-90 in dark blue (behind TM4); and Asp-813,
Asp-815, and Asp-818 in orange. The approximate position of the
membrane is indicated by the dotted lines, and the directions of transport
of Ca2þ ions and protons are noted. (B) Close-up of the Ca2þ binding sites
with the surrounding coordinating residues.
Ca2þ Ion Access Points in SERCA 269site for Ca2þ (11,12) (the location is indicated in Fig. 1 A).
An alternative access site was suggested by Lee and East
(13) based on a structural analysis of the first published
structure of SERCA (6). The access pathway suggested by
Lee and East follows TM1 and is guided by Glu-55, Glu-
58, and Glu-109 toward the Ca-II site. The two sites can
be described as a C-terminal and an N-terminal access
site, respectively. In a recently published structure of
SERCA with a bound cyclopiazonic acid inhibitor, Gln-
56, located in the entry region suggested by Lee and East,
was shown to coordinate a Mn2þ ion together with cyclopia-
zonic acid (14). Based on this observation, Gln-56 has also
been speculated to be involved in initial Ca2þ binding.
However, mutagenesis experiments show that among the
acidic residues Glu-51, Glu-55, Glu-58, and Asp-59, only
the single-point mutation of Asp-59 can affect Ca2þ binding
and dissociation (15). On the other hand, if the stretch of
amino acids from Glu-55 to Asp-59 (excluding Phe-57;
EQFED) are all mutated simultaneously to AAFAA, the
relative Ca2þ transport activity is decreased (16). Although
these results support the notion of an N-terminal ion access
point, they are not conclusive. Glu-90 has been shown to be
crucial for Ca2þ binding from both sides of the membrane
(17), but this residue is located in the luminal end of TM2
(Fig. 1 A) and therefore does not provide any clues about
the location of the cytoplasmic Ca2þ entry point(s).
Several modeling studies focusing on the unresolved
question of Ca2þ access points have been reported (18–
20). Costa and Carloni (18) used short molecular dynamics
(MD) simulations (%2 ns) of the first Ca2þ-bound structure
(6), as well as models of the Ca2þ-free and intermediate
states that were based on the Ca2þ-bound state, and specu-
lated that the ions may use both of the suggested entry
points (one for each ion). Also based on short MD simula-
tions (%3.2 ns) of three different functional states, Fonseca
et al. (20) suggested that at least the Ca-II ion enters from the
TM1 side (N-terminal access site). On the contrary, Huang
et al. (19) proposed that both ions first bind in the region
around L6-7 and the cytoplasmic loop between TM8 and
TM9, and then enter through a C-terminal pathway. In their
study, MD simulations of %6 ns were performed on struc-
tures in which Ca2þ ions were initially manually placed
inside the TM domain, approximately halfway to the binding
sites. When the ions were placed closer to the cytoplasmic
side, they diffused away from the TM domain (19). In addi-
tion to the disagreement among these modeling studies, none
of them demonstrate the ability of these different protein
regions to attract positive ions from the cytoplasm.
In this study, we performed MD simulations of both
Ca2þ-free and Ca2þ-bound states of SERCA in a membrane,
in which we focused on tracing potential Ca2þ access sites
on the cytoplasmic side. The two studied structures corre-
spond to the functional state just before the Ca2þ access
channel is opened (Ca2þ-free state (21)) and the state just
after the access channel has been closed (Ca2þ-bound stateBiophysical Journal 102(2) 268–277
270 Musgaard et al.(8)), respectively (9). Because the TM5-TM10 part of the
TM domain is similar in the two structures, the main struc-
tural changes that lead to Ca2þ access are expected to be
within the TM1-TM4 region (the root mean-square devia-
tion (RMSD) between the Ca2þ-free and Ca2þ-bound states
is 6.0 A˚ for TM1-TM4 and 2.5 A˚ for TM5-TM10). In
contrast to previous studies, we relied on completely unbi-
ased and comparatively much longer (50 ns) simulations
to characterize putative entry points. Our main conclusions
are based on an analysis of the unbiased dynamics and resi-
dence time of cations in the simulations, the hydration
patterns revealed during the simulations, and a calculation
of the electrostatic potential. Because we studied the Ca2þ
access sites for the Ca2þ-free state and the ion access
pathway for the Ca2þ-bound state, the combined results
are expected to form a more complete description of how
the Ca2þ ions might enter the pump.
The results of the analyses for both structures (i.e., before
and after Ca2þ ion binding) converge to suggest a singleCa2þ
access point. The suggested access point is located in the
region close to the kinked part of TM1, the N-terminal access
point, where several negatively charged residues are indeed
present. The simulations do not provide any other compa-
rable Ca2þ access points; therefore, on the basis of our
data, we suggest that both of the Ca2þ ions enter the trans-
porter through a shared access point from the cytoplasm.
The simulations furthermore reveal a likely path from the
identified access point to the central ion-binding sites.METHODS
As starting structures for the simulations, we used two different functional
states of SERCA: a Ca2þ-free state and a Ca2þ-bound state. For the Ca2þ-
free form, we used the structure of the so-called E2 state with a bound 8-O-
(dodecanoyl-8-O-debutanoyltrilobolide) inhibitor, solved to a resolution of
2.65 A˚ (PDB 3NAL) (21). This structure corresponds to a state in which the
binding sites are still occluded, and represents the functional state just
before the Ca2þ ion access channel opens. The inhibitor and an Mg2þ ion
were deleted, and a Kþ ion, bound in a functionally important ion-binding
site (22), and the crystallographically resolved water molecules were re-
tained and included in the simulation system. For the Ca2þ-bound state,
we used a SERCA structure in which the protein binds two Ca2þ ions
and an ATP analog (adenosine-50-b,g-methylene triphosphate (AMPPCP);
PBD 1T5S, resolution 2.60 A˚) (8). This structure corresponds to the func-
tional state that occurs just after binding of the Ca2þ ions, in which the
protein has not yet been phosphorylated (8). The ATP analog was manually
converted to ATP (i.e., a carbon atom was changed to an oxygen atom) and
used for further system setup together with the coordinated Mg2þ ion, the
structurally bound Kþ ion, the crystallographic water molecules, and the
protein structure. Protonation states of ionizable residues were assessed
with the use of PROPKA 2.0 (23,24) followed by visual structural inspec-
tion. For the Ca2þ-free state, Glu-309, Glu-771, and Glu-908 in the empty
Ca2þ-binding sites were protonated based on extensive comparative MD
simulations (25). These residues were modeled as charged in the Ca2þ-
bound state. A disulphide bond was incorporated between Cys-876 and
Cys-888 (26) for both functional states.
For each of the two functional states (Ca2þ-free and Ca2þ-bound), the
protein was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) bilayer of 125130 A˚2 generated using the MEMBRANE BUILDER
plug-in of VMD (27). POPC was previously found to be a reasonable modelBiophysical Journal 102(2) 268–277of the SR membrane (28). We determined the initial orientation of the
protein in the membrane using the Orientations of Proteins in Membranes
(OPM) database (29), and further solvated each system to a box size of
125130170 A˚3 using the TIP3P water model (30). We added KCl using
the VMD AUTOIONIZE plug-in to neutralize the systems at an ionic concen-
tration of 0.2 M. The final systems consisted of ~242,000 atoms.
We performed MD simulations using the NAMD2.7 program (31) with
the CHARMM22 force field (32), including CMAP corrections (33), for
the protein, and the CHARMM36 force field for lipids (34). Electrostatic
interactions and forces were treated with the particle mesh Ewald method
(35), and periodic boundary conditions were used in all of the simulations.
A temperature of 310 K was retained using Langevin dynamics with
a damping coefficient of 0.1 ps1 for the equilibration of lipid tails and
0.5 ps1 for all other stages. The Langevin piston Nose´-Hoover method
(36,37) with a piston period of 100 fs and a damping timescale of 50 fs
was applied to maintain the pressure at 1 atm. The simulation time for
each system was 50 ns. We evaluated the bonded interactions every 1 fs;
the short-range, nonbonded interactions every 2 fs; and the full electrostatic
forces every 4 fs. Snapshots were collected every 1 ps. A cutoff of 12 A˚with
a switching function starting at 10 A˚ was used for short-range, nonbonded
interactions. The neighbor list, with a cutoff of 14 A˚, was updated every 20
steps. Bond lengths in water molecules were kept rigid.
Before the production run, the systems were equilibrated as follows: For
the Ca2þ-free system, the lipid tails were first equilibrated while restraining
the rest of the system by means of harmonic potentials (k ¼ 7 kcal/mol/A˚2)
applied to all heavy atoms. In this stage, after 2000 steps of energy minimi-
zation, the system was subjected to 0.5 ns MD in the NVT ensemble at
310 K. In the next stage, only the protein backbone was kept harmonically
restrained (k ¼ 7 kcal/mol/A˚2) and the rest of the system was free to move,
first during 2000 steps of energy minimization and then during 1.5 ns of MD
in the NPT ensemble. Lastly, the whole system was unrestrained and 2000
steps of energy minimization and 1.0 ns of equilibration MD in the NPT
ensemble were performed. For the Ca2þ-bound state, the same equilibration
procedure was followed with the additional local relaxation (2000 steps of
energy minimization and 10 ps of MD) around the converted ATP molecule
and the nonoptimal disulphide bridge before the overall equilibration was
performed.
The electrostatic potential map was calculated with the use of the PME
ELECTROSTATICS plug-in (38) of VMD and averaged over 1000 snapshots
evenly spaced during the 50 ns trajectory. Particle densities for Kþ ions
and water molecules were calculated with the VOLMAP TOOL in VMD (27).
The densities were averaged over 500 snapshots evenly spaced along the
50 ns trajectory, and to produce a smoother map, the radius scaling in
VOLMAP was increased to 2. The residence times for water molecules in
the potential entry pathwere calculated for 8000 snapshots evenly distributed
over the 10–50 ns time span of the trajectory. The first 10 ns of the trajectory
were excluded from this analysis to allow for the water pathway to stabilize
before the data were collected. Kþ residence percentages were defined as
the fraction of the simulation time during which at least one Kþ ion was
within 3.5 A˚ of the side chain (excluding hydrogen atoms) of the residue.
The employed 3.5 A˚ cutoff value was determined based on the calculated
radial distribution functions (see examples in Fig. S1 of the SupportingMate-
rial). Residence times for Kþ ions were calculated following the same
definition of contact. A contact analysis between the protein and the Kþ
ions was performed for 10,000 snapshots spread over the 50 ns simulation.RESULTS
We analyzed the two 50 ns MD simulations of the Ca2þ-free
and Ca2þ-bound states of SERCA to explore the distribution
and attraction of cations, and the potential formation
of hydrated pathways from the cytoplasm to the central
Ca2þ-binding sites. Initially, the stability of the proteins in
the simulations was assessed. RMSD plots for the two
Ca2þ Ion Access Points in SERCA 271simulations (one for the Ca2þ-free state and one for the
Ca2þ-bound state) are shown in Fig. S2. The RMSD curves
plateau quickly, and the TM domain, in which the Ca2þ-
binding sites reside, is very stable in both simulations,
with RMSDs measuring ~1 A˚. The RMSD curves for the
individual domains show that they are virtually unchanged
during the simulation, whereas the larger overall RMSD is
mainly caused by interdomain motions as described in the
Results section of the Supporting Material. Overall, these
measurements reflect stable proteins. Next, we explored
the potential involvement of a protein-generated negative
potential in the attraction of cations. We then examined
the degree of occlusion of the bound Ca2þ ions to investi-
gate whether it is possible to observe water pathways to
one or both of the ion-binding sites. Finally, we turned our
attention to those regions of the protein surface where
cations accumulate, and to residues that are involved in
direct interaction with the attracted cations. It can be
speculated that these residues are of importance for Ca2þ
attraction and association.FIGURE 2 Electrostatic potential at the cytoplasmic/SRmembrane inter-
face. (A) The electrostatic potential in the membrane-cytoplasm interface
region averaged for 50 ns of the simulation of the Ca2þ-free state. The
potential is calculated using the PME ELECTROSTATICS plug-in (38) of
VMD and illustrated with a color gradient running from 215 mV to
0 mV. The most negative region is found close to the kinked part of
TM1, on the TM1/TM2/TM3 side of the protein. The POPC lipid molecules
are depicted in white spheres, and the protein is shown in cartoon represen-
tation with the same color code as in Fig. 1. (B) The same potential as in
panel A but viewed from the cytoplasm and down on the membrane. The
protein structure below the potential surface is projected onto the 2D
contour plot. The TM helices are numbered on their cytoplasmic ends.
The putative N- and C-terminal access regions are indicated on the figure.Electrostatic probing of Ca2D attraction sites
With the aim of identifying putative Ca2þ attraction sites or
entry points on the surface of SERCA, we first calculated
the electrostatic potential of the protein in theCa2þ-free state.
We computed the potential using snapshots taken from the
entire 50 ns trajectory of the simulated system. A cross
section of the electrostatic potential map that includes the
strongest negative region in an ion/water-accessible region
on the surface of the cytoplasm/SR membrane interface is
depicted in Fig. 2. The potential clearly characterizes the
most negative area as a region close to the kinked part of
TM1. The calculation of the potential included everything
in the system, also a close-to-physiological Kþ ion presence,
and thus provides the best description of the electrostatic
potential experienced by Ca2þ ions in the cytoplasm.
Because the strength of the observed potential is approxi-
mately three times the membrane resting potential, the
resulting local electrostatic gradient is expected to have
a considerable effect on the positive ions in the solution.
The Ca2þ ions that approach the protein from the cytoplasm
have to pass through the cross section shown in Fig. 2 to enter
the TM domain and access their binding sites; therefore, it is
most likely that they are attracted to the identified negative
region around TM1 and enter a binding pathway from there.Water accessibility of the Ca2D-binding sites
In the search for potential Ca2þ access points or entry path-
ways, we performed an MD simulation of the Ca2þ-bound
state of SERCA to study the dynamics of the Ca2þ ions
and determine whether it was possible to identify hydrated
pathways to one or both of the ion-binding sites during
the simulation. The Ca2þ ions remained stably bound totheir binding sites in the middle of the TM domain
throughout this 50-ns simulation and did not show any
sign of unbinding. Compared to the crystal structure, the
only coordination lost during the simulation was between
Ca-I and Thr-799(Og) (see Fig. S3 and Fig. S4). We exam-
ined the positions sampled by water molecules during the
trajectories to characterize pathways connecting the Ca2þ
binding sites to Ca2þ access point(s) and entry site(s) on
the surface of the protein. Relatively early in the simulation
of the Ca2þ-bound state, water molecules find a pathway
that extends from the cytoplasmic surface and almost to
the Ca-II site, as illustrated in Fig. 3 A and Fig. S5.Biophysical Journal 102(2) 268–277
FIGURE 3 Putative Ca2þ permeation pathway. (A) Water pathway to the
Ca-II site that formed during the simulation of the Ca2þ-bound state. The
water pathway starts at the region between TM2 and the kinked part of
TM1, extends through a region between TM2 and TM4, and reaches the
region just outside the Ca-II binding site with the Glu-309 and Asp-800
Biophysical Journal 102(2) 268–277
272 Musgaard et al.The identified hydrated pathway that connects the cyto-
plasm to the Ca-II site starts at the region between the
kinked part of TM1 and the cytoplasmic end of TM2
(Fig. 3 A and Fig. S5). The pathway extends between
TM2 and TM4, also making contacts with residues in
TM6, before it reaches Glu-309, which coordinates the ion
in the Ca-II site. The incoming water molecules mainly
interact with main-chain amide groups and with hydrophilic
side chains (Fig. 3 A). The region close to Asn-101 (TM2)
and Thr-317 (TM4) opens up and allows water to penetrate
the interface between these two helices. This movement
of the two helices is small and therefore is not reflected in
the RMSD calculations discussed above. It is also known
that even though the crystal structures of SERCA in
complex with Ca2þ and either AMPPCP (ATP analog) or
ADP:AlF4
– (transition state analog) are very similar,
only the transition state analog ensures Ca2þ occlusion
(8). One could therefore speculate that the structural differ-
ences between the occluded state and a more open state are
relatively small, as suggested by our results, which illustrate
that the seemingly occluded crystal structure opens slightly
when studied in a more dynamic state. Sugita et al. (39)
observed a similar water pathway to Glu-309, but did not
otherwise comment on it, using a different Ca2þ-bound
SERCA structure without ATP bound, and focusing on
luminal pathways and the effect of mutations of Glu-771
and Glu-908. Thus, the observed lack of complete occlusion
is probably a general property of the Ca2þ-bound and un-
phosphorylated functional state.
The water pathway is formed within the first 5 ns of the
simulation (see Fig. 3 B), and remains open throughout
the simulation. The average number of water molecules
that reside in the pathway stretching from the reservoir
between TM2 and the kinked region of TM1 and to the
Ca-II site for the 10–50 ns time span is 4.7 (50.7). The resi-
dence times for water molecules in the pathway (Fig. S6)
show that the water molecules very often reside in the
pathway for only a short time (<25 ps). However, a few
water molecules are also observed to stay in the path for
a more extended time (>975 ps in the histogram in
Fig. S6). The longest residence time for a water molecule
is close to 30 ns. Overall, the number of water molecules
in the pathway is stable even though the rate of exchange
of these water molecules is high.acidic side chains shielding the Ca2þ ion from the water molecules. The
snapshot was taken at t ¼ 6.63 ns. Hydrogen bonds as well as Ca2þ coor-
dinations are indicated with black lines. (B) The number of water molecules
in the putative Ca2þ permeation pathway stretching from the reservoir
between TM2 and the kinked region of TM1 and to the Ca-II site as a
function of time. (C) The water density, shown in dark red, averaged
over 50 ns of the simulation of the Ca2þ-bound state. The putative perme-
ation pathway from the cytoplasm to the Ca-II site is clearly visible,
whereas no other water pathways to the Ca2þ binding sites are found.
POPC molecules, protein, and ions in panels A and C are represented as
in Figs. 1 and 2.
Ca2þ Ion Access Points in SERCA 273We did not observe any water pathways to the Ca-I site, or
water pathways connecting the luminal side to either of the
Ca2þ-binding sites. This is illustrated in Fig. 3 C, where the
water density averaged over the 50 ns of the simulation is
shown. The only water density reaching the Ca2þ-binding
sites in the Ca2þ-bound state originates from the density dis-
cussed above; found to originate from the TM1 kink region,
and extending between TM2 and TM4 to the Ca-II binding
site. In the Ca2þ-free form, water molecules are also seen to
penetrate down a similar pathway, and furthermore, water
molecules find a cavity between TM5, TM7, and TM8
toward the Ca-I site. The potential role of this cavity, which
overlaps with the so-called C-terminal cavity identified by
Karjalainen et al. (40), is discussed below.Interactions with positive ions
As a third approach to gain information about Ca2þ access
points, we studied the dynamics and distribution of cations
around the protein during the MD simulations. For both
Ca2þ-free and Ca2þ-bound simulations, the dynamics and
residence time of Kþ ions around the protein were used to
probe surface areas of the protein that were capable of
attracting positive ions. As shown in Fig. 4, Kþ ions accu-
mulate close to a crystallographically determined Kþ-
binding site (22) in the bottom of the P domain, as expected.
Additionally, high Kþ densities are observed on the luminal
side, e.g., in the luminal end of the putative Ca2þ exit path
(9) along TM4 and close to the loop between TM5 and TM6.
Kþ accumulation is also observed on the cytoplasmic side
of the TM domain, which may indicate the region to which
Ca2þ ions will be attracted. The site of attraction on the
cytoplasmic side is the region between the kinked part ofFIGURE 4 Cation-attracting regions of SERCA. The POPC molecules,
protein, and ions are illustrated as in Figs. 1 and 2. Kþ ion densities, calcu-
lated with the VOLMAP plug-in of VMD (27), are shown in orange. For both
the Ca2þ-free (A) and Ca2þ-bound (B) states, Kþ ions accumulate in the
region between the kinked part of TM1 and TM2 (density in the cyto-
plasmic membrane-water interface), around the crystallographically deter-
mined Kþ-binding site (22) in the P domain (topmost density in the figures),
and along the putative luminal exit path for Ca2þ ions (9).TM1 and the cytoplasmic end of TM2, where Kþ accumu-
lation is observed for both the Ca2þ-free and Ca2þ-bound
states. This is in full accordance with our conclusions based
on the calculation of the electrostatic potential for the Ca2þ-
free state, as discussed above, and fits with the identified
hydrated permeation pathway leading to the Ca2þ ions in
the Ca2þ-bound simulation.
To pinpoint the regions of attraction, the side chains that
interact directly with Kþ ions for >10% of the simulation
time are mapped in Fig. 5, A and B. Examples of Kþ coordi-
nation are shown in Fig. 5C. Fig. S7 illustrates the percentage
of interaction time for the individual residues that were used
to generate the coloring in Fig. 5 A (only percentages> 10%
are included). On the luminal side, the residues that
frequently interact with Kþ ions are quite spread over the
entire surface of the protein, but many are located close to
the potential Ca2þ exit path (9). Not surprisingly, these are
mainly acidic residues that interact with the positive ions.
We did not perform a deeper analysis of ion interaction sites
on the luminal side, because our focus is on the access
sites/entry paths from the cytoplasmic side. However, it
should be noted that Kþ ions actually protrude relatively
deep into the protein from the luminal side, reaching as far
as Glu-785 for both simulated states (Fig. 5, A and B).
On the cytoplasmic side, four distinct major regions of
interaction can be identified from the data. The first spot
is the region close to the kinked region of TM1, where
several residues contribute to the attraction of ions (Glu-
51, Glu-55, Gln-56, Asp-59, Glu-109, Asp-254, and partly
Glu-243 and Asp-245 for the Ca2þ-free form; and Glu-55,
Glu-58, Asp-59, Glu-109, and Glu-113 for the Ca2þ-bound
form). The fraction of time in which there is direct Kþ
contact for the included residues in this putative access
area ranges from ~15% to ~35% for both states. Illustrative
examples of Kþ coordination by residues in this region are
seen in the two rightmost snapshots of Fig. 5 C. Kþ ions in
contact with these residues display residence times between
0.2 ns and 5.8 ns (Fig. 5 D). Note that this region as a whole
can easily interact with four Kþ ions simultaneously, and
that the ions can reach as deep as Asn-101, ~10 A˚ from
the Ca-II binding site in the crystal structure. The Kþ ion
with the longest residence time is found to interact directly
with Asp-59, one of the residues closest to the Ca-II site.
The second site of cation attraction is close to the crystal-
lographically determined Kþ-binding site. Glu-732 is the
only acidic residue that is directly involved in this binding
site according to the crystal structures and as illustrated in
the second snapshot of Fig. 5 C, but Glu-715 and partly
Glu-243 and Asp-245 are located in the same region for
the Ca2þ-free form. Asp-703 and Asp-707 constitute a third
cation attraction site for the Ca2þ-free form; however, this
site is not observed in the Ca2þ-bound form. This is because
Asp-703 is involved in coordinating an Mg2þ ion together
with the bound ATP molecule in the Ca2þ-bound form.
This result supports the effectiveness of our approach inBiophysical Journal 102(2) 268–277
FIGURE 5 Residues that are most frequently involved in direct contact with cations. (A and B) Residues in the Ca2þ-free (A) and Ca2þ-bound (B) states for
which at least one Kþ ion is within 3.5 A˚ of the side chain during at least 10% of the 50 ns simulation time are shown. The residues are colored according to
the percentage of time with direct interaction. The protein secondary structure is shown in light blue cartoon representation, and POPC molecules are shown
as white spheres. Hydrogen atoms are not shown. (C) Examples of Kþ binding to the Ca2þ-free state. Kþ ions are shown in brown. Distances shorter than 3 A˚
are marked. The Kþ ion in the rightmost panel is located deep in the suggested entry region, interacting with Gln-56 and Asn-101. (D) Statistics on the
interaction between protein residues and Kþ ions. Residues in the putative N- and C-terminal access regions that interact with Kþ for at least 10% of the
simulation time are included in the analysis. Data were extracted from 10,000 snapshots distributed evenly over the 50 ns simulation time. For the calculation
of the average number of Kþ ions in contact with a given residue, only snapshots with Kþ ion contact were used.
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lent ion-binding sites, because it correctly predicts the site
for the Mg2þ ion. The fourth and least-occupied site
(evident from the color coding, with this region being the
least green) is framed by Asp-616 and Asp-818 (Fig. 5 C,
leftmost snapshot) and is found in both simulated states.
The fraction of time in which each of these residues makes
direct contact with Kþ ions is 11–16% for both residues in
both states. The residence times for Kþ ions in this region
range from 0.6 ns to 1.7 ns (Fig. 5 D). Surprisingly, Asp-
813 and Asp-815 do not show up in this analysis at all.
These two residues, along with Asp-818, have been sug-
gested to contribute to the initial attraction of Ca2þ ions
based on mutational studies (11,12).
The identified regions of interaction with Kþ ions are not
expected to have been affected by the initial placement of
ions. All of the 123 Kþ ions in the simulations were initially
placed randomly in solution at least 5 A˚ away from the
protein (except for the crystallographic Kþ ion in the P-
domain). Fig. 5 D includes the overall number of different
Kþ ions that interact with the residues in the N- and
C-terminal access regions throughout the simulation. These
values range between nine different Kþ ions for Asp-254 in
the Ca2þ-free state and 35 for Asp-245 in the Ca2þ-bound
state. The specific interactions with the Kþ ions are thus re-
garded as an equilibrium property of the protein and are not
biased by the starting position of the Kþ ions.DISCUSSION
All of the analyses performed here support the existence of
a single Ca2þ entry point close to the kinked part of TM1.
The strongest negative electrostatic potential in the interface
between the membrane and cytoplasm is observed close to
this region even after Kþ ions accumulate in the same
area, which dampens the negative potential created by the
protein itself. The observed accumulation of Kþ ions indi-
cates that cations are attracted to this specific place on the
cytoplasmic surface of the protein and accumulate to
a much greater extent than at other cytoplasmic areas of
the protein. We thus envision that Ca2þ ions in the cyto-
plasm are attracted by the negative potential. After being
attracted by this potential, the hydrated Ca2þ ions are
dynamically exchanged with the Kþ ions in the access
region between the TM1 kink and TM2, because the diva-
lent Ca2þ ions will be more favorably bound in this negative
region. Furthermore, the water pathway to the Ca-II site
identified from the simulation of the Ca2þ-bound state actu-
ally has its entrance site in this putative prebinding region.
The fact that the entrance sites observed for both simulated
functional states (i.e., the state before the first ion has
entered and the state after the last ion has entered) coincide
further supports the notion that both Ca2þ ions enter the pro-
tein from this site, and that they share both the entrance site
and the binding pathway.The Ca2þ-free form shows a similar water path leading
toward site II, but also a C-terminal water cavity leading
toward site I. Because no cations are attracted to the mouth
of theC-terminalwater cavity, there is no support in our study
for this region to be a Ca2þ entry pathway. However, it is
possible that this water cavity could participate in forming
a proton release pathway that removes excess protons from
the acidic residues of the Ca2þ-binding sites upon entrance
of the Ca2þ ions from the N-terminal pathway, which is
further supported by more-recent structural data (41).
The ability to attract cations seems to be inherent in the
structure regardless of the functional state, because cation
accumulation in the same region is observed for both the
Ca2þ-free and Ca2þ-bound states. The observation of only
one clear site of cation attraction is also a strong indication
that both of the Ca2þ ions use the same entry point, as was
previously proposed by Lee and East (13) based on a static
structural analysis of the first SERCA protein structure. The
binding of both Ca2þ ions from a single pathway fits with
the fact that binding of Ca-II retards the exchange of Ca-I,
as shown by Inesi et al. (42), who also suggested that the
access to the binding sites from the putative shared pathway
was gated by Glu-309. The pathway identified from the
simulations in this study indeed leads to Glu-309, and thus
rationalizes the above proposed mechanism.
After the first SERCA structure was solved in 2000,
Toyoshima et al. (6) proposed the area between the cyto-
plasmic ends of helices TM2, TM4, and TM6 as a putative
Ca2þ entry site. The side chains of Gln-108 and Asn-111 in
the upper part of this region together with the exposed back-
bone oxygen atoms of Pro-309–Glu-312 and Gly-801, and
the side chain of Asp-800, were proposed to form a hydro-
philic pathway to the Ca2þ-binding sites. The lower part of
this pathway, closest to the Ca-II site, overlaps with the
entry pathway identified in our study. In the entry region,
however, our simulations show that cations gravitate more
to the other side of TM2 (e.g., Glu-109 and Glu-113), point-
ing toward the kinked part of TM1. Moreover, in agreement
with our results, Lee and East (13) proposed an entry
pathway that differed from the one suggested by Toyoshima
et al. (6) but was based on a structural analysis of the same
structure. This pathway runs along TM1 and is guided by
Glu-55, Glu-58, and Glu-109 to the Ca-II site. The acidic
residues in positions 55, 58, and 59 are conserved in the
ER/SR Ca2þ-ATPase family, signifying their functional
importance (13). Furthermore, Gln-56 has been speculated
to be involved in constructing a pre-entry site for Ca2þ
ions (14). Most of the above residues, which have been
proposed to be involved in the initial Ca2þ binding, match
perfectly with the residues identified here as being involved
in attracting cations (i.e., Glu-51, Glu-55, Gln-56, Glu-58,
Asp-59, Glu-109, Glu-113, Asp-254, and partly Glu-243
and Asp-245).
Experimental support for this Ca2þ access point is
provided by mutagenesis studies of some of the residuesBiophysical Journal 102(2) 268–277
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(15,16). Among the residues Glu-51, Glu-55, Glu-58, and
Asp-59, only the mutation of Asp-59 affects Ca2þ binding
and dissociation (15). In contrast, simultaneously mutating
the stretch of amino acids from Glu-55 to Asp-59 (excluding
Phe-57; EQFED) to AAFAA decreases the relative Ca2þ
transport activity even though single mutants of individual
residues in this region do not show a markedly impaired
Ca2þ transport (16). A possible interpretation of these
results is that the attraction of Ca2þ ions to this entry region
is a collective effect of several residues, and thus is rela-
tively unaffected by single mutations. As noted by Lee
and East (13), as long as the mutations do not physically
block the putative entry pathway, it is difficult to predict
the size of the effect of a single mutation. Our simulation
results suggest that several amino acids in the TM1-kink/
TM2 region contribute to the attraction of cations. To
confirm this proposal, we would need to use a mutant with
all of these negatively charged side chains removed, and
we would expect the ability of such a mutant to attract
and bind Ca2þ to be heavily impaired.
Some mutagenesis studies have suggested that Asp-813,
Asp-815, and Asp-818 (all located in the L6-7 loop) interact
with Ca2þ ions during the initial steps of Ca2þ binding
(11,12), and this does not appear to be explained by the entry
point and pathway proposed in our study. However, it has
been argued that even though a reduced Ca2þ binding was
observed after the mutation of these residues, as well as
for the double mutant D813A/D818A and the more conser-
vative D813N/D818N mutant, the involvement of these
residues in direct interaction with the Ca2þ ions is not likely,
due to their large spatial separation of>20 A˚ from the Ca2þ-
binding sites (43). Additionally, because mutations in the
L6-7 loop interferewith both Ca2þ binding and protein phos-
phorylation, these Asp residues have been proposed to be
primarily important for maintaining the structural integrity
of the loop (44) and thereby securing the link between the
cytoplasmic domains and the TM domain, rather than being
directly involved in Ca2þ binding. This interpretation of the
data agrees with the results presented here, because no
possible access points from the L6-7 side of the protein
can be identified based on our simulations. Despite the
spatial proximity of these three acidic residues in L6-7,
only Asp-818, and notably not Asp-813 or Asp-815, was
identified by our cation interaction analysis to have inter-
acted with Kþ ions for >10% of the simulation time.
When comparing these results with the mutational data,
one should also keep in mind that mutating residues that
do not interact directly with the Ca2þ ions might still affect
Ca2þ binding, as observed, e.g., for Glu-90, which has been
shown to be crucial for Ca2þ binding from both sides of the
membrane despite its location in the luminal end of TM2
(17). Thus, the mutagenesis data on Asp-813, Asp-815,
and Asp-818, which cannot be directly explained by the
present study, are not challenging the overall conclusions.Biophysical Journal 102(2) 268–277CONCLUDING REMARKS
The simulations of SERCA presented here characterize both
a region of localized negative electrostatic potential and
several acidic residues that are involved in attracting cations
from the cytoplasm to the region close to the kinked part of
TM1. Furthermore, water molecules are observed to form
a hydrated pathway that connects this putative entry point
to the Ca-II site located in the middle of the TM domain
of the protein. The results support the presence of a common
entry point for the two Ca2þ ions between the kinked part of
TM1 and the cytoplasmic end of TM2. From this point, the
ions will follow a shared pathway to their respective binding
sites, probably passing between TM2 and TM4 along the
way. The proposed site of cation attraction and the ion
permeation pathway are supported by mutagenesis data
showing that mutating a stretch of residues on the kinked
part of TM1 diminishes Ca2þ transport (16). Single-point
mutations of these residues do not reduce Ca2þ transport,
suggesting the cation attraction to be a collective effect.SUPPORTING MATERIAL
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